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15 publications, are cited in a reference list and discussed in the description of this 
invention. The citation and/or discussion of such references is provided merely to 
clarify the description of the present invention and is not an admission that any such 
reference is "prior art" to the invention described herein. In terms of notation, 
hereinafter, "[n]'* represents the nth reference cited in the reference list. For 

20 example, [^'] represents the 1 1th reference cited in the reference list, namely, Hu, 
W.S. and Aunins, J.G., Large-Scale Mammalian Cell Culture, Curt. Opin. 



growing and maintaining a living system. More particularly, the present invention 
relates to an apparatus and methods that have a channel configuration allowing 
perfusate flow with diflusional exchange to tissue cells but no cell migration. 
Additionally, the present invention relates to an apparatus and methods that have 

30 capacity for growing and maintaining a living microorganism such as protozoa. 

The present invention also relates to an apparatus and methods for dynamic 
analysis of a collection of cells such as a biofihn. More particularly, the present 
invention relates to an apparatus and methods for meastiring response of a biofihn to 
one or more dynamic streams of substance such as chemical stressors at various 

35 depths of the biofihn. 

Certain embodiments of the present invention comprise apparatus and 
methods for growing and maintaining a living system such as a cell or a collection of 
cells and monitoring the status of such a living system that is metabolically active 
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The present invention generally relates to an apparatus and methods for 
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and responsive to environmental change, wherein each metabolic activity of the cell 
may be characterized by a characteristic time. More particularly, the apparatus and 
methods comprise bioreactors with multiple chambers and methods of using the 
same. 

5 Certain other embodiments of the present invention comprise apparatus and 

methods for growing and maintaining a living system such as a cell or a collection of 
cells and monitoring the status of such a living system that is metabolically active 
and responsive to environmental change, wherein each metabolic activity of the cell 
may be characterized by a characteristic time. More particularly, the apparatus and 

1 0 methods comprise bioreactors with an array of chambers with a common feed line 
and methods of using the same. 

Certain additional embodiments of the present invention comprise apparatus 
and methods for growing and maintaining a living system such as a cell or a 
collection of cells and monitoring the status of such a living system that is 

15 metabolically active and responsive to environmental change, wherein each 

metabolic activity of the cell may be characterized by a characteristic time. More 
particularly, the apparatus and methods comprise capillary perfused bioreactors and 
methods of using the same. 

Certain further embodiments of the present invention comprise apparatus and 

20 methods for growing and maintaining a living system such as a cell or a collection of 
cells and monitoring the status of such a living system that is metabolically active 
and responsive to environmental change, wherein each metabolic activity of the cell 
may be characterized by a characteristic time. More particularly, the apparatus and 
methods comprise bioreactors with substance injection capability and methods of 

25 using the same. 

BACKGROUND OF THE INVENTION 
Bioreactor is a device that can be used for culturing living cells. More 
particularly, bioreactors 2ire vessels that provide a proper physical and chemical 

30 environment as well as fast transport of substrates and products to allow cellular 

biological reactions to occur, ideally rapidly and efficiently. The simplest bioreactor 
is a culture dish: In conventional cell culture using well-plates, culture-dishes, and 
flasks, the volume of the culture medium is typically 200 to 1000 times the volume 
of the cells. This ratio, when used in combination with buffering of the culture 

35 media, allows the cells to grow for at least 24 hours without media change. 

However, another consequence of this ratio is a corresponding dilution of whatever 
extracellular factors are produced by the cells and might otherwise provide paracrine 
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cell-to-cell communication, which is possible in tissue because the extracellular 
volume might be only 10% of intracellular volume. 

Much of the development of bioreactors was directed towards either the 
functional tissues, or the generation of biochemicals and pharmaceuticals. For 
5 example, over the last 20 years studies on the generation of skin, pancreas, cartilage, 
liver, cornea and bladder have taken particular importance'. In the United States 
alone, there are more than 80,000 individuals waiting for an organ transplant, and 
hence the need to develop improved bioreactor technology is self-evident. There is 
also a growing recognition that progress in understanding cell motility and 

10 chemotactic signaling, as well as other complex cellular processes, is often 

constrained by the laboratory techniques available for observing and intervening at 
various points in the processes. Many of these processes can be examined best in a 
properly instrumented bioreactor. 

There is a wide variety in bioreactors, including stirred vessels, bubble column, 

15 packed beds^, air-lift reactors, and membrane reactors^ that include plates, rotating 
plates, spiral-wound and hollow fibres. Hollow-fiber reactors are of special importance 
since (depending of their structure) they may allow as much as 30,000 m' of membrane 
area per m^ module volume'*"^. However, given that mammalian cells are very sensitive 
to shear forces^*^ (which originate mainly fi om agitation and aeration), it is important to 

20 reduce the forces as much as possible in the reactor where the cells will be grown^''^. 
Membranes have been used in bioreactors to increase survival of cells. For instance, it 
has been known that liquid-gas interface created in some models of reactors is 
particularly damaging for mammalian cells. That potentially lethal interface can be 
eliminated by the use of a hydrophobic membrane^ 

25 Bioreactors may be also classified by means of their mode of operation: batch, 

fed-batch and continuous cultivation (also called perfused cultivation). In the first or 
batch mode, no substrate is added, nor mediimi removed; in the case of the fed-batch 
mode there is a continuous feeding, but nothing is removed until the reactions are 
terminated and the reactor emptied. While these systems imply a low effort for process 

30 control, the productivity is low compared to that in perfused systems, the third mode, 
where a permanent inflow of substrate and outflow of medium takes place. Besides the 
higjh productivity, there is a better cell physiology control in this kind of reactors'' and in 
the case of mammalian cell culture, it has been shown to provide significant advantage 
over static methods'^''^. 

35 One of the limitations when developing large three-dimensional tissues is the 

lack of a proper vascular supply for nutrient and metabolite transport A number of 
studies have analyzed the artificial vascular networks'^**, and there have been a 
number of attempts to construct functional microfabricated scaffolds^''^*'^^'. The 
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techniques by which these networks have been produced include plasma etching, 
photolithography, soft lithography, microcontact printing, microfluidic patterning 
using microchannels, laminar flow patterning and stencil patteming^'^^ In the case 
of plasma etching technologies we can consider the high aspect ratio 
5 xnicromachining (HARMS) as a very powerful tool since it allows to etch channels 
of virtually unlimited depth without increasing the width already achieved by 
lithography^^. It is also possible to construct three dimensional microchannel 
systems in PDMS with complex topologies and geometries'^. 

Additionally, one needs to realize that the growth of clinically-implantable 

10 tissue may require the ultimate biodegradation and the mechanical properties of the 
tissue scaffold*^. These properties are directly related to the crystallinity, molecular 
weight, glass transition temperature and monomer hydrophobicity of the materials 
chosen to fabricate the tissue^ ^. Naturally derived materials such as collagen have 
been employed^^, as well as synthetic and semi synthetic ones. Polyglycolic acid 

1 5 (PGA) possesses high porosity and it makes easy the fabrication of devices, 

therefore, PGA fibre meshes have been considered to transplant cells. However, 
they cannot resist significant compressional forces. An alternative to solve this 
problem is to use polymers of lactic and glycolic acid whose ratios can be adjusted to 
control the crystallinity of the material and hence the degradation rate and 

20 mechanical properties. Fibre-based tubes have been fabricated from these 
polymers^^. 

It is important to compare the vascular nature of living tissue with the 
capabilities provided by existing microfabricated cell-perfusion bioreactor systems. 
In tissue, arteries divide into progressively smaller vessels, eventually reaching 

25 arterioles and then capillaries. The arterioles are important because they contain the 
precapillary sphincters, which allow control of the perfusion of individual capillary 
beds, but also provide the majority of the peripheral resistance and hence the 
pressure drop associated with the arterial supply. As a result, the pressure difference 
across the capillary endothehum membrane is kept suf3Bciently low to allow 

30 difliisional transport of nutrients and metabolites across the membrane, as well as 

the trafficking of immime cells required for tissue maintenance and infection control. 
Were the pressures in the capillaries as high as those in the arterioles, the capillary 
wall thickness would be too great to allow these critical transport phenomena. The 
venous return system is in many ways a mirror of the arterial system, albeit at lower 

35 pressmres. Another featiure of the living vascular system is that the branching 
process described above allows all cells to be within 50 to 200 microns of a 
capillary, depending upon the specific tissue. As a result, the arterial supply and 
venous return systems are intercalated in such a manner that every capillary that 
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perfuses a large group of cells is connected to the larger supply and return systems 
with a self-similarity that ensures uniform perfusion and transcapillary pressures. It 
is this intercalation process that is so difficult to replicate with microfabrication. For 
example, Borenstein et al.,*^^ describe a process to build a two-dimensional vascular 
5 system that could create a multi-scale perfusion system for supporting endothelial 
cells, but there is no provision to selectively limit diffusive transport across the 
smallest capillaries to perfuse cells lying outside of the perfusion network. More 
impHDrtantly, the networks they show have a large region of the device that is covered 
with the larger vessels, and the region of the bioreactor that is limited to capillary 

10 vessels is in fact quite small. 

Thus, there is a need for microfabricated migration bioreactors that mimic in 
vitro the microenvironments of normal tissue was well as that of tumors, infected 
tissue, and wounded tissue, while providing independent control of chemokine and 
growth factor gradients, shear forces, cellular perfusion, and the permeability of 

15 physical barriers to cellular migration, thereby allowing detailed optical and 

electrochemical observation of normal, immune, and cancerous cells during cell 
migration, intravasation, extravasation, and angiogenesis. Angiogenesis, tumor 
metastasis, and leukocyte infiltration into tissue are complex processes that are 
regulated not only by cellular responses to a single chemokine, but also by external 

20 factors, such as multiple competing chemokine aiid growth factor signals, autocrine 
feedback loops, cell-cell interactions, and mechanical forces such as vessel shear ^ 
stress. Current approaches for assessing migration across cellular barriers include 
Boyden and transwell chambers that provide an integrated fluorescence assay of 
migration across filters to allow quantitation of migration^^'^, parallel plate flow 

25 chambers"^^*^*, in which adhesion and rolling on endothelial cells in shear stress can 
be assessed^^*^'"^, and in vivo intravital microscopy in which migration of cells in 
living animals is visualized''^'^^. Bach of these approaches has limitations, including 
the inability to have sustained and controlled chemotactic gradients (all systems), the 
inability to visualize migration in real time or with physiologic shear stress (Boyden 

30 and transwell chambers), the inability to observe extravasation or angiogenesis into 
an underlying, deep cellular matrix (parallel plate flow chambers) and the inability to 
control all aspects of the experiments, e.g., having defined cell populations and 
controlled microfluidics for independent control of shear and tissue perfusion (all 
systems, especially intravital microscopy). The development of a motility/metastasis 

35 model system with independent control of endothelial shear stress, chemokine 
gradients, tissue perfusion, and the ability to add different cell types through 
different ports, combined with state-of the art imaging techniques and sensor 
capabilities would represent a huge advance over currently available systems. 
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Indeed, the need for such capabilities is quite urgent, Angiogenesis is a 
dynamic process, influenced by the cellular microenvironment and intricately linked 
to metastasis^^*^. It has been demonstrated that both VEGF and 
angiopoietin/tyrosine kinase (Ang/Tie2) function are required for tumor 
5 angiogenesis^ However, how signals from those two receptor systems are 

integrated to mediate angiogenesis has not been determined, in part due to the lack 
of good model systems. The next step would be to study the coordination and 
integration of VEGF and Ang signaling in endothelial cell migration, vascular 
sprouting and maturation, and tumor transendothelium migration. As with 

10 angiogenesis, multiple environmental inputs affect tumor metastasis and leukocyte 
infiltration. Activation of one chemokine receptor in tumor cells affects the 
induction of other ligands and receptors in tumor cells as well as endothelial cells 
and leukocytes, but the mechanism is poorly understood^. There is a need for an 
understanding of how alteration of chemokine receptor internalization and/or 

15 changes in receptor association with adaptor molecules such as AP-2 or beta- 
arresting affect chemokine receptor activity as tumor cells move through a complex 
matrix. How external factors such as cell-cell adhesion, cell-matrix interactions, and 
vessel shear stress affect cytoskeletal reorganization during migration through tissues 
is also poorly imderstood. Cortactin overexpression increases the metastasis of 

20 breast cancer cells to bone^^, however the mechanism remains unclear. Likewise, 
lack of WASp protein in humans leads to an X-linked immune disorder that may 
result from signaling, proliferation or chemotaxis defects^^. There is a need to study 
the role of cortactin and WASp proteins in chemotaxis of breast cancer and HL60 
cells in a complex multicell environment involving controllable shear, cell-cell 

25 interactions, and chemokine gradients. As a final example, matrix 

metalloproteinases (MMPs) are extracellularly expressed enzymes found in many 
types of cancer and are thought to be important in tumor development, growth, 
invasion and metastasis. It has recently been discovered that skin tumors that 
develop in mice deficient for MMP-3 (MMP-3 null mice) progress and grow much 

30 faster than skin tumors fi*om normal, wild-type mice. This difference is associated 
with a reduced number of immune cells in the tumor and surrounding tissue in the 
MMP-3 null mice. The logical progression of this research is to determine how loss 
of an MMP aSects the ability of immune cells, namely monocytes and neutrophils, 
to infiltrate firom the peripheral blood circulation to the tumor site. The ability to 

35 control the experimental environment, including multiple defined cell populations, is 
critical to elucidate the relative importance of tumor-host interactions in MMP-3 
induced cellular chemotaxis. 
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Despite the progress made over the years, however, currently available 
bioreactors cannot provide a more physiologic enviromnent that would include a 
three-dimensional m vitro region with multiple cell types, stimuli, and measurement 
capabilities and allows study of molecular aspects of the chemotactic response. 
5 Thus, bioreactors that numic in vitro the microenvironments of tumors and tissue 
while providing independent control of chemokine and growth factor gradients, 
shear forces, cellular perfusion, and the permeability of physical barriers to cellular 
migration, thereby allowing detailed optical and electrochemical observation of 
normal and cancerous cells during cell migration, intravasation, extravasation, and 
10 angiogenesis need to be developed. 

Therefore, a heretofore unaddressed need exists in the art to address the 
aforementioned deficiencies and inadequacies. 

SUMMARY OF THE INVENTION 

1 5 In one aspect, the present invention relates to a bioreactor for cultivating 

living cells in a liquid medium. In one embodiment, the bioreactor has a first 
substrate having a first surface and an opposite second surface, defining a chamber 
therebetween for receiving the cells and the liquid medium. The bioreactor further 
has a barrier dividing the chamber into a first subchamber and a second subchamber, 

20 wherein the barrier has a porosity to allow the first subchamber and the second 
subchamber in fluid communication and allow at least one predetermined type of 
cells to permeate between the first subchamber and the second subchamber. 

As formed, the first subchamber is adapted for receiving a first type of 
material and the second subchamber is adapted for receiving a second type of 

25 material, wherein each of the first type of material and the second type of material 
contains at least one selected from the group of cells, chemicals, and fluids. The 
cells can be any type of living cells, including, but not limited to, bacteria, protozoa, 
or both, normal cells, tumor cells, or any combination of them. 

The bioreactor also includes a biocompatible coating layer applied to the 

30 chamber walls, wherein the biocompatible coating layer comprises a material that 
may inhibit cell adhesion to the biocompatible coating layer, enhance cell adhesion 
to the biocompatible coating layer, or function as a fluorescent marker or indicator of 
the state of cells. 

At least one inlet port and an input transfer chaimel are formed in the first 
35 substrate, wherein the input transfer channel is in fluid conmiunication with the inlet 
port and one of the first subchambo* and the second subchamber for allowing 
delivery of the cells, fluids or chemicals to the corresponding subchamber. At least 
one outlet port and an outlet transfer charmel are also formed in the first substrate, 
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wherein the outlet transfer channel is in fluid conrununication with the outlet port and 
one of the first subchamber and the second subchamber for allowing removal of the 
cells, fluids or chemicals from the corresponding subchamber. Additionally, at least 
one auxiliary port and an auxiliary channel are formed in the first substrate, wherein 
5 the auxiliary channel is in fluid communication with the auxiliary port and one of the 
input transfer channel and the outlet transfer channel for flushing the corresponding 
transfer channel. Furthermore, at least one access port and an access charmel are 
formed in the first substrate, wherein the access channel is in fluid conununication 
with the access port and one of the first subchamber and the second subchamber for 

10 allowing delivery or removal of the cells, fluids, chemicals, coating material or 
sensing material to the corresponding subchamber. 

The bioreactor further includes a second substrate, wherein the second 
substrate is positioned adjacent to the first surface of the first substrate and defines a 
plurality of connection channels, each of the connection channels being formed so as 

15 to be in fluid conununication with a corresponding one of the inlet port, the outlet 
port, the auxiliary port, and the access port. The bioreactor additionally has a 
plurality of connection ports, each of the connection ports being formed with a 
• channel and being positioned to the second substrate such that each channel of the 
connection ports is in fluid communication with a corresponding one of the 

20 connection channels formed in the second substrate. 

In one embodiment, the first substrate is fabricated firom glass, Mylar, 
PDMS, silicon, a polymer, a semiconductor, or any combination of them. The 
barrier comprises a porous material, wherein the barrier is microfabricated so as to 
form a structure allowing the fluid communication between the first subchamber and 

25 the second subchamber. 

The bioreactor additionally includes a third substrate, wherein the third 
substrate is positioned adjacent to the second surface of the first substrate, and 
means positioned in the third substrate and adapted for electrochemical 
measurements of the cells responsive to the liqmd medium in at least one of the first 

30 stibchamber and the second subchamber. The third substrate can be formed with a 
semiconductor material such as silicon. 

hi one embodiment, the means for electrochemical measurements includes a 
reference electrode, a counter electrode, a pliu^lity of edge coimector pads, and a 
plurality of electrically conductive leads, wherein a first electrically conductive lead 

35 electrically couples the reference electrode to a corresponding edge connector pad, 
and a second electrically conductive lead electrically couples the counter electrode to 
a corresponding edge connector pad. The means for electrochemical measurements 
further includes a pharality of individually addressable working electrodes, each 
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being electrically coupled to a corresponding edge connector pad through a 
corresponding electrically conductive lead, wherein the liquid medixun includes at 
least one or more analytes, and wherein the plurality of individually addressable 
working electrodes are adapted to be capable of sensing the concentration of a single 
S analyte of the liquid medium at multiple locations in the chamber or the 

concentrations of a plurality of analytes of the liquid medium at multiple locations in 
the chamber at a time period shorter than a characteristic reaction time related to at 
least one of cellular physiological activities of the cells. Additionally, the plurality 
of individually addressable working electrodes are further adapted to be capable of 
10 measuring the metabolic variables related to the cells responsive to the liquid 
medium at multiple locations in the chamber at a time period shorter than a 
characteristic reaction time related to at least one of cellular physiological activities 
of the cells. 

The bioreactor further includes a fourth substrate, wherein the fourth 

15 substrate is positioned above the second surface of the first substrate, and means 
positioned in the fourth substrate and adapted for optical measurements of the cells 
responsive to the liquid medium in at least one of the first subcharaber and the 
second subchamber. The fourth substrate is at least partially transparent. The fourth 
substrate can be formed with a semiconductor material such as silicon. 

20 In one embodiment, the means for optical measurements includes a plurality 

of optical sensors, a plurality of edge connector pads, and a plurality of leads, each 
optically coupling an optical sensor to a corresponding edge connector pad, wherein 
the plurality of optical sensors comprises at least one device selected from the group 
of an LED and photodiode pair, a fiber optic coupler, and an optical detecting head, 

25 wherein the liquid medium includes at least one or more analytes, and wherein the 
plurality of optical sensors are adapted to be capable of sensing the concentration of 
a single analyte of the liquid mediim^i at multiple locations in the chamber or the 
concentrations of a plurality of analytes of the liquid medium at multiple locations in 
the chamber at a time period shorter than a characteristic reaction time related to at 

30 least one of cellular physiological activities of the cells. Additionally, the plurality 
of optical sensors are further adapted to be capable of measuring the metabolic 
variables related to the cells responsive to the liquid medium at multiple locations in 
the chamber at a time period shorter than the characteristic reaction time related to at 
least one of cellular physiological activities of the cells. 

35 In another aspect, the present invention relates to a bioreactor for cultivating 

living cells in a liquid medium. In one embodiment, the bioreactor has a substrate 
having a first surface and an opposite second surface, defining a chamber 
therebetween for receiving the cells and the liquid medimn, wherein the chamber is 



9 



wo 2004/020590 PCT/US2003/026798 

- 

formed with a center and a boiindary, a first barrier enclosing the center and a 
portion of the chamber to form a centra! chamber, and a second barrier positioned 
between the first barrier and the boundary so as to form an intermediate chamber and * 
an outer chamber, wherein the first barrier has a first porosity to allow the central 
3 chamber and the intermediate chamber in fluid communication and allow at least a 
first predetermined type of cells to permeate between the central chamber and the 
intermediate chamber, and the second barrier has a second porosity to allow the 
outer chamber and the intermediate chamber in fluid communication and allow at 
least a second predetermined type of cells to permeate between the outer chamber 

1 0 and the intermediate chamber. 

As formed, the central chamber is adapted for receiving a first type of 
material, the intermediate chamber is adapted for receiving a second type of 
material, and the outer chamber is adapted for receiving a third type of material, 
wherein each of the first type of material, the second type of material and the third 

15 type of material contains at least one selected from the group of cells, chemicals, and 
fluids. The first predetermined type of cells includes tumor cells, which nomially is 
received in the central chamber corresponding to a tumor space. The second 
predetermined type of cells includes normal tissue cells, which normally is received 
in the intermediate chamber corresponding to a tissue space, wherein the Quter 

20 chamber is corresponding to a vascular space adapted for receiving endothelial cells, 
macrophage cells» neutophil cells, any combination of them, or other inmiune cell 
type. 

The bioreactor further has a biocompatible coating layer applied to the 
chamber walls at the boundary, wherein the biocompatible coating layer includes a 

25 material that may inhibit cell adhesion to the biocompatible coating layer, enhance 
cell adhesion to the biocompatible coating layer, or fimction as a fluorescent marker 
or indicator of the state of cells. 

At least one additional inlet or outlet port and an input or output transfer 
channel are formed in the substrate, wherein the input or output transfer channel is in 

30 fluid commxmication with the corresponding inlet or outlet port and the external 

chamber for allowing delivery of the cells, fluids or chemicals to the outer chamber. 
Additionally, at least one inlet or outlet port and an input or output transfer channel 
are formed in the substrate, wherein the input or output transfer channel is in fluid 
communication with the inlet or outlet port and the central chamber for allowing 

35 delivery of the cells, fluids or chemicals to the central chamber. 

Moreover, at least one another inlet or outlet port and an input or output 
transfer channel are formed in the substrate, wherein the input or=output transfer 
channel is in fluid communication with the inlet or outlet port and the intermediate 
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chamber for allowing delivery of the cells, fluids or chemicals to the intermediate 
chamber. 

In one embodiment, the substrate is fabricated from glass. Mylar, PDMS, 
silicon, a polymer, a semiconductor, or any combination of them. The first barrier 
S includes a porous material, wherein the first barrier is microfabricated so as to form 
a first stmcture allowing the fluid communication between the central chamber and 
the intermediate chamber. The second barrier includes a porous material, wherein 
the second barrier is microfabricated so as to form a second structure allowing the 
fluid communication between the outer chamber and the intermediate chamber, and 

10 the second structure is different from the first structure. In this embodiment, the first 
barrier is .substantially circular, the second barrier is substantially circular, and the 
boundary is substantially circular. Alternatively, each of the first barriei', the second 
barrier, and the boimdary can be formed with other geometric shapes. 

The bioreactor further includes means adapted for electrochemical 

15 measurements of the cells responsive to the liquid medium in at least one of the 
outer chamber, the intermediate chamber and the central chamber, wherein the 
means for electrochemical measmrements includes a reference electrode, a counter 
electrode, and a plurality of individually addressable working electrodes, wherein the 
liquid medium includes at least one or more analytes. 

20 The plurality of individually addi'essable working electrodes include a first 

group of individually addressable working electrodes adapted to be capable of 
sensing the concentration of a single analyte of the liquid medium at multiple 
locations in the outer chamber or the concentrations of a pltirality of analytes of the 
liquid meditun at multiple locations in the outer chamber at a time period shorter 

25 than a characteristic reaction time related to at least one of cellular physiological 

activities of the cells. The first group of individually addressable working electrodes 
are further adapted to be capable of measuring the metabolic variables related to the 
cells responsive to the liquid medium at multiple locations in the outer chamber at a 
time period shorter than a characteristic reaction time related to at least one of 

30 cellular physiological activities of the cells. 

The plurality of individually addressable working electrodes further include a 
second group of individually addressable working electrodes adapted to be capable 
of sensing the concentration of a single analyte of the liquid medium at multiple 
locations in the central chamber or the concentrations of a plurality of analytes of the 

35 liquid medium at multiple locations in the central chamber at a time period shorter 
than a characteristic reaction time related to at least one of cellular physiological 
activities of the cells. The second group of individually addressable working 
electrodes are further adapted to be enable of measuring the metabolic variables 

11 
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related to the cells responsive to the liquid medium at multiple locations in the 
central chamber at a time period shorter than a characteristic reaction time related to 
at least one of cellular physiological activities of the cells. 

The plurality of individually addressable working electrodes additionally has 
S a third group of individually addressable working electrodes adapted to be capable of 
sensing the concentration of a single analyte of the liquid medium at multiple 
locations in the intermediate chamber or the concentrations of a plurality of analytes 
of the liquid medium at multiple locations in the intermediate chamber at a time 
period shorter than a characteristic reaction time related to at least one of cellular 

10 physiological activities of the cells. The third group of individually addres[sable 
working electrodes are further adapted to be capable of measuring the metabolic 
variables related to the cells responsive to the liquid medium at multiple locations in 
the intemiediate chamber at a time period shorter than a characteristic reaction time 
related to at least one of cellular physiological activities of the cells. 

15 In yet another aspect, flie present invention relates to a bioreactor for 

cultivating living cells in a liquid medium. In one embodiment, the bioreactor 
includes a substrate having a first surface and an opposite second surface, defining a 
chamber therebetween for receiving the cells and the liquid inedium with a 
boundary, and means for dividing the chamber into plurality of chambers, wherein 

20 each of the plurality of subchambers is in fluid communication with at least another 
one of the plurality of subchambers. 

The dividing means includes a barrier to divide the chamber into a first 
subchamber and a second subchamber, and wherein the barrier has a porosity to 
allow the first subchamber and the second subchamber in fluid communication and 

25 allow at least one predetemiined type of cells to permeate between the first 
subchamber and the second subchamber. 

Alternatively, the dividing means includes a first barrier and a second barrier 
to divide the chamber into a first subchamber, a second subchamber and a third 
subchambei-, and wherein the first barrier has a first porosity to allow the first 

30 subchamber and the intermediate subchamber in fluid communication and at least a 
first predetermined type of cells to permeate between the first subchamber and the 
second subchamber, and the second barrier has a second porosity to allow the second 
subchamber and the third subchamber in fluid communication and at least a second 
predetermined type of cells to permeate between the second subchamber and the 

35 third subchamber, wherein the first porosity and the second porosity can be same or 
diflFerent. 

Further alternatively, the dividing means includes a plurality of n barriers, n 
being an integer greater than zero, to divide the chamber into n+1 subchambers. 
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wherein each of n barriers has a corresponding porosity that can be same or different 
from that of other barriers. 

These and other aspects of the present invention will become apparent from 
the following description of the preferred embodiment taken in conjunction with the 
5 following drawings, although variations and modifications therein may be affected 
without departing from the spirit and scope of the novel concepts of the disclosure. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Fig. 1 A schematically shows a top view of a bioreactor according to one 
10 embodiment of the present invention. 

Fig. IB shows a perspective view of a bioreactor according to another 
embodiment of the present invention. . 

Fig. 2 schematically shows a top view of a bioreactor according to yet 
another embodiment of the present invention, * 

15 

DETAILED DESCRIPTION OF THE INVENTION 
Various embodiments of the invention are now described in detail. Referring 
. to the drawings, like numbers indicate like parts throughout the views unless the 
context clearly dictates otherwise. As used in the description herein and throughout 
20 the claims that follow, the meaning of "a," "an," and "the" includes plural reference 
unless the context clearly dictates otherwise. Also, as used in the description herein 
and throughout the claims that follow, the meaning of "in" includes "in" and "on" 
unless the context clearly dictates otherwise. Additionally, some terms used in this 
specification are more specifically defined below. 

25 

Definitions . 

The terms used in this specification generally have their ordinary meanings in 
the art, within the context of the invention, and in the specific context where each 
term is used. For example, conventional techniques of molecular biology, 

30 microbiology and recombinant DNA techniques may be employed in accordance 
with the present invention. Such techniques and the meanings of temis associated 
therewith are explained fiilly in the literature. See, for example, Sambrook, Fitsch & 
Maniatis. Molecular Cloning: A Laboratory Manual, Second Edition (1989) Cold 
Spring Harbor Laboratory Press, Cold Spring Harbor, New Yoik (referred to herein 

35 as '^Sambrook et al., 1989*0; DNA Cloning: A Practical Approach, Volumes I and n 
(D. N. Glover ed. 1985); Oligonucleotide Synthesis (M. J. Gait ed. 1984); Nucleic 
Acid Hybridization (B. D. Hames & S. J. Higgins, eds, 1984); Animal Cell Culture 
(R, L Freshney, ed. 1986); Inunobilized Cells and Enzymes (IRL Press, 1986); B. E, 
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Perbal, A Practical Guide to Molecular Cloning (1984); F. M. Ausubel et al. (eds.), 
Current Protocols in Molecular Biology, John Wiley & Sons, Inc. (1 994). See also, 
PCR Protocols: A Guide to Methods and Applications, Innis et al., eds.. Academic 
Press, foe. New York (1990); Saiki et ai, Science 1988, 239:487; and PCR 
5 Technology: Principles and Applications for DNA Amplification, H. Erlich, Ed., 
Stockton Press. 

Certain terms that are used to describe the invention are discussed below, or 
elsewhere in the specification, to proyide additional guidance to the practitioner in 
describing the devices and methods of the invention and how to make and use them. 
1 0 For convenience, certain terms are highlighted, for example using italics and/or 

quotation maiks. The use of highlighting has no influence on the scope and meaning 
of a term; the scope and meaning of a term is the same, in the same context, whether 
or not it is highlighted. It will be appreciated that the same thing.can be said in more 
than one way. Consequently, alternative language and synonyms may be used for 
15 any one or more of the terms discussed herein, nor is any special significance to be 
placed upon whether- or not a term is elaborated or discussed herein. Synonyms for 
certain terms are provided. A recital ofone or more synonyms does not exclude the * 
use of other synonyms. The .use of examples anywhere in this specification, 
including examples of any terms discussed herein, is illustrative only, and in no way 
20 limits the scope and meaning of the invention or of any exemplified tenm. Like\«se, 
the invention is not limited to various embodiments given in this specification. 

As used herein, "about" or "approximately" shall generally mean within 20 
percent, preferably within 10 percent, and more preferably within 5 percent of a 
given value or range. Numerical quantities given herein are approximate, meaning 
25 that the term "about" or "approximately" can be inferred if not expressly stated. 

The term '*molecule" means any distinct or distinguishable structural imit of 
matter comprising one or more atoms, and includes for example polypq)tides and 
polynucleotides. . 

As used herein, "cell" means any cell or cells, as well as viruses or any other 
30 particles having a microscopic size, e.g. a size that is similar to that of a biological 
cell, and includes any prokaryotic or eukaryotic cell, e.g., bacteria, fimgi, plant and 
animal cells. Cells are typically spherical, but can also be elongated, flattened, 
deformable and asymmetrical, i.e., non-spherical. The size or diameter of a cell 
typically ranges from about 0.1 to 120 microns, and typically is from about 1 to SO 
35 microns. A cell may be living or dead. As used herein, a cell is generally living 

unless otherwise indicated. As used herein, a cell may be charged or uncharged. For 
example, charged beads may be used to facilitate flow or detection, or as a reporter. 
Biological cells, living or dead, maybe charged for example by using a surfactant. 
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such as SDS (sodium dodecyl . sulfate). Cell or a plurality of cells can also comprise 
cell lines. Example of cell lines include liver cell, macrophage cell, neuroblastoma 
cell, endothelial cell, intestine cell, hybridoma, CHO, fibroblast cell lines, red blood 
cells, electrically excitable cells, e.g. Cardiac cell, myocytes (ATI cells), cells gjco^m 
5 in co-culture, NG108-iS cells (a widely used neuroblastoma X glioma hybrid cell 
line, ATCC# HB-12317), primary neurons, a primary cardiac myoc>te isolated fi^om 
either the ventricles or atria of an animal neonate, an AT-1 atrial tumor cardiac cell. 
Liver cells are also known as Hepatocytes, Secretory cell (depolarize and it secretes 
things) pancreatic beta cells secrete insulin, HELA cells (Helen Lane), HEK293 

10 Human Bpithial Kidney c, Erythrocytes (primary red blood cells). Lymphocytes and 
the like. Each cell line nriay include one or more cells, same or different. For 
examples, the liver cell comprises at least one of Human hepatocellular carcinoma ' 
("HEPGZ**) cell, CCL-13 cell, and H4IIE cell, the macrophage cells comprises at 
least one of peripheral blood mononuclear cells ('TBMC"), and skin fibroblast cells, 

15 the neuroblastoma cell comprises a U937 cell, the endothelial cell comprises a 

human umbilical vein- endothelial cell ("Huv-ec-c"), and the intestine cell comprises 
a CCL-6 ceii. 

'"Culture" means a growth of living cells in a controlled artificial 
environment. It may be a culture of microorganisms, such as a bacterial culture, or 

20 one of animal or plant cells, such as a tissue culture. The bioreactors according to 
the invention can do both and more. Cultures require appropriate sources of food 
and energy, provided by the culture medium, and a suitable physical environment. 
Tissue cultures can themselves become a cultvu-e medium for viruses, which grow 
only with live cells. Cultures of only one kind of cells are known as pure cultures, as 

25 distinguished firom mixed or contaminated cultures. 

"Tissue" means an aggregation of cells more or less siniilar morphologically . 
and fimctionally. The animal body is composed of four primary tissues, namely, 
epithelium, connective tissue (including bone, cartilage, and blood), muscle, and 
nen^ous tissue. The process of differentiation and maturation of tissues is called 

30 histogenesis. 

A "sensor" is broadly defined as any device that can measure a measvirable 
quantity. For examples, a sensor can be a thermal detector, an electrical detector, a 
chemical detector, an optical detector, an ion detector, a biological detector, a 
radioisotope detector, an electrochemical detector, a radiation detector, an acoustic 

35 detector, a magnetic detector, a c^adtive detector, a pressm-e detector, an ultrasonic 
detector, an infrared detector, a microwave motion detector, a radar detector, an 
electric eye, an image sensor, any combination of them and the like. A variety of 
sensors can be chosen to practice the present invention. 



15 



wo 2004/020590 PCT/US2003/026798 

- 

The term "analyte" means a material that can be consumed or produced by a 
cell. Examples of analyte of interest include pH, K, oxygen, lactate, glucose, 
ascorbate, serotonin, dopamine, ammonina, glutamate, purine, calcium, sodium, 
potassium, NADH, protons, insulin, NO (nitric oxide) and the like. 
5 The term "flow" means any movement of fluid such as a liquid or solid 

through a device or in a method of the invention, and encompasses without 
limitation any fluid stream, and any material moving with, within or against the 
stream, whether or not the material is carried by the stream. For example, the 
movement of molecules or cells through a device or in a method of the invention, 

10 e.g. through chaimels of a substrate on microfluidic chip of the invention, comprises 
a flow. This is so, according to the invention, whether or not the molecules or cells 
are carried by a stream of fluid also comprising a flow, or whether the molecules or 
cells are caused to move by some other direct or indirect force or motivation, and 
whether or not the nature of any motivating force is known or understood. The 

15 application of any force may be used to provide a flow, including without limitation, 
pressure, capillary action, electroosmosis, electrophoresis, dielectrophoresis, optical 
tweezers, and combinations thereof, without regard for any particular theory or 
mechanism of action, so long as molecules or cells are directed for detection, 
measurement or sorting according to the invention. 

20 A "liquid or medium" is a fluid that may contain one or more substances that 

aSecting growth of cells, one or more analytes, or any combination of them. A 
mediiun can be provided with one or more analytes to be consumed by one or more 
cells. A medium can have one or more analytes generated by one or more cells. A 
medium can also have at the same time one or more analytes to be consumed by one 

25 or more cells and one or more analytes gen^ated by one or more cells. A medium 
may consist of natural materials, such as enzymatic digests, extracts of yeast or beef, 
milk, potato slices, or chick embryos. Artificial media are prepared by mixing 
various ingredients according to particular formulas. A complex medium contains at 
least one cmde ingredient derived from a natural material, hence of unknown 

30 chemical composition. A chemically defined or synthetic medixrai is one in which 
the chemical structure and amount of each component are known. 

An "inlet region** is an area of a bioreactor that receives molecules or cells or 
liquid. The inlet region may contain an inlet port and channel, a well or reservoir, an 
opening, and other features which facilitate the entry of molecules or cells into the 

35 device. A bioreactor may contain more than one inlet region if desired. The inlet 
region is in fluid communication with the channel and is upstream therefrom. 

An "outlet region" is. an area of a bioreactor that collects or dispenses 
molecules or cells or liquid. An outlet region is downstream from a discrimination 
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region, and may contain outlet channels or ports. A bioreactor may contain more 
than one outlet region if desired. 

An "analysis vmif is a microfabricated substrate, e.g., a microfabricated chip, 
having at least one inlet region, at least one channel and chamber, at least one 
5 detection region and at least one outlet region. A device of the invention may 
comprise a plurality of analysis units. 

A "chaimel" is a pathway of a bioreactor of the invention that permits the 
flow of molecules or cells to pass a detection region for detection (identification), or 
measurement. The detection and discrimination regions can be placed or fabricated 

10 into the channel- The channel is typically in fluid communication with an inlet port 
or inlet region, which permits the flow of molecules or cells or liquids into the 
channel. The channel is also typically in fluid communication with an outlet region 
or outlet port, which permits the flow of molecules or cells or liquid out of the 
channel. The channel can also be used as a chamber to grown cells, and vice versa, 

15 A "detection region" or "sensing volume*' or "chambef is a location within 

the bioreactor, typically in or coincident with the channel (or a portion thereof) 
and/or in or coincident with a detection loop, where molecules or cells to be grown, 
ideiitifled, characterized, hybridized, measured, analyzed or maintained (etc.), are • 
examined on the basis of a predetermined characteristic. In one embodiment, 

20 molecules or cells are examined one at a time. In other embodiments, molecules, 
cells or samples are examined together, for example in groups, in arrays, in rapid, 
simultaneous or contemporaneous serial or parallel arrangements, or by affinity 
* chromatography, 

"Reaction time" is the time that a system of interest requires to respond to a 

25 change. For example, the reaction time of a cell is the time required for at least one 
of the physiological processes of a cell to adapt or respond to a change in its 
environment. Each type of cell has its own characteristic reaction time with respect 
to a particular change in its environment The reaction time of a sensor is the time 
required for the sensor to respond to a change in the quantity that it is sensing. For 

30 example, the reaction time of an electrochemical sensor is set by the size of the 

sensor and the thickness and nature of protective coatings on the activated surfaces • 
of the sensor. The reaction time of a microfluidic system is determined by, among 
other tlungs, the reaction time of the cell to changes in the enviroimient, the time 
required for chemical species to diffuse throughout the sensing volume, the reaction 

35 time of the sensor(s) and the difiiision time of the analyte being controlled by the 
actuators. 

''Bacteria*' are extremely small-^usually 0.3-2.0 micrometers in diameter-and 
relatively simple microorganisms possessing the prokaryotic type of cell 
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construction. Each bacterial cell arises either by division of a preexisting cell with 
similar characteristics, or through combination of elements from two such cells in a 
sexual process. 

*Trotozoa" means a group of eukaryotic microorganisms traditionally 
5 classified in the animal kingdom. Although the name signifies primitive ^mals, 
some Protozoa (phytoflagellates and slime molds) show enough plantlike 
characteristics to justify claims that they are plants. Protozoa range in size from 1 to 
10^ micrometers. Colonies are known in flagellates, ciliates, and Sarcodina. 
Although marked differentiation of the reproductive and somatic zooids 
10 characterizes certain colonies, such as Volvox^ Protozoa have not developed tissues 
and organs. 

Several embodimrats are now described with reference to the Figs. 1-2, in 
which like numbers indicate like parts throughout the Figs. 1-2. 

15 Overview of the Invention 

The uiventors of the present invention overcome the disadvantages of the 
prior art and develop new bioreactors that have, among other new and inventive 
features, the capability of providing controlled chemokine gradients independent of 
the perfusion flow and allow extravasation of a cellular matrix. Recent advances in 

20 the fabrication of nanofilters^''*^^ are used to create perfused-membrane bioreactors 
according to the present invention that allow the growth of mixed cultures of cells at 
near-to-tissue densities in 1 mm x 1mm x 100 micron volumes, in the presence of 
controlled, stable chemokine or growth-factor gradients within the device, to mimic 
the in vivo tumor microenvironment. 

25 One advantage of the present invention is that custom devices can be 

constructed'such that the isolated perfusion and cell-delivery systems allow 
independent control of shear stress and chemokine gradients during the course of an 
experiment. Moreover, the optical and electrochemical metabolic microsensors can 
be installed within these bioreactors to allow simultaneous quantification of the local 

30 metabolic and chemical environment (lactate, pH, O2, etc.) in selected regions within 
the reactor, while cell migration or cell signaling events are imaged by fluorescence 
microscopy. Hence, the bioreactors according to the present invention can be 
considered as the next generation of migration bioreactors that may move beyond a 
simple MicroTransWell (MTW) system to one that more closely replicates in vitro 

35 the microenvironment living tissue. 

Moreover, the application of microfabrication techniques, microfluidics, and . 
microbiosensors with the bioreactors according to the present invention offers an 
opportunity for study of the molecular mechanism of tumor angiogenesis as well as 
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leukocyte and cancer cell extravasation. For example, the systematic examination of 
the role of Tie2 and VEGF in vascular formation and remodeling and may identify 
more specific molecular targets for anti-angiogenic therapy. A similar microdevice 
model could be used to examine leukocyte and cancer cell extravasation. These- 
5 devices will provide an appropriate cellular enviroxmient to host mouse tumor 

explants, thereby potratially providing a metastasis assay for tumor biopsy material. 
Metabolic sensing iii these bioreactors will help provide a clearer understanding of 
the tirnior microenvironment and confirm the validity of our in vitro systems^^"^^. 

Additionally, the limitation of the planar Borenstein design that there is too 
10 little surface area of capillaries available to support the growth of a substantial 

volume of cells is overcome by the present invention, which remedies this problem 
by creating a multi-layer intercalated supply and retum bioreactor that allows the full 
surface of a planar bioreactor to be covered with capillaries, and hence capillary- 
perfused cells. 

15 More specifically, in one aspect, the present invention relates to bioreactors. 

These bioreactors are biomicroelectromechanical systems (BioMEMS) that serve as 
migration microenvironments to study molecular mechanisms of tumor 
angiogenesis, tumor metastasis and leukocyte migration, but can also function as 
more general tissue bioreactors and perfusion systems. Among other things, one 

20 luiique aspect of these microfluidic devices is their integration of suitable cell culture 
and microfabrication techniques, which permit cell growth in small, confined, well- . 
perfused volumes at tissue densities, provide independent control of multiple 
chemokines and growth factor gradients, shear forces, tissue perfusion, and 
permeability of physical barriers to cellular migration, and allow detailed optical and 

25 electrochemical observation of normal and cancerous cells during cell migration, 
intravasation, extravasation, angiog^esis, and other cellular processes. 

• Recent advances in the fabrication of nanofilters*^"^* can be used to practice 
the present invention to provide perfused-membrane bioreactors that can allow the 
growth of mixed cultures of cells at near-to-tissue densities in 1 mm x 1mm x 100 

30 micron volumes, in the presence of controlled, stable chemokine or growth-factor * 
gradients within the device, to mimic the in vivo tumor microenvironment One 
advantage of the present invention is that custom devices can be constructed such 
that the isolated perfusion and cell-delivery systems allow independent control of 
shear stress and chemokine gradients during the course of an experiment. MoreovCT, 

35 the optical and electrochemical metabolic microsensors can be installed within these 
bioreactors to allow simultaneous quantification of the local metabolic and chemical 
environment (lactate, pH, O2, etc.) in selected regions within the reactor, while cell 
migration or cell signaling events are imaged by fluorescence microscopy. Hence 
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the next generation of migration bioreactors will eventually move beyond a simple 
MicroTransWell (MTW) system to one that more closely replicates in vitro the 
microenvironment living tissue. 

The application of microfabrication techniques, mictofluidics, and 
5 microbiosensors offers an opportunity for study of the molecular mechanism of 

tumor angiogenesis as well as leukocyte and cancer cell extravasation. For example, 
the systematic.examination of the role of Tic2 and VEGF in vascular formation and 
remodeling and may identify more specific molecular targets for anti-angiogenic 
therapy. A similar microdevice model could be used to examine leukocyte and 

10 cancer cell extravasation. These bioreactors will provide an appropriate cellular 
environment to host mouse tumor explants, thereby potentially providing a 
metastasis assay for tumor biopsy material. Metabolic sensing in these bioreactors 
will help provide a clearer understanding of the tumor microenvironment and 
confirm the validity of our in vitro systems^^'^^. 

15 Without intent to limit the scope of the invention, exemplary devices, 

application of them and related observations according to the embodiments of the 
present invention are given below. Note that titles or subtitles may be used in the 
examples for conveniOTce of a reader, which in no way should limit the scope of the 
invention. Moreover, certain theories may have been proposed and disclosed herein; 

20 however, in no way they, whether they are right or wrong, should limit the scope of 
the invention so long as the devices and applications of them are practiced according 
to the invention without regard for any particular theory or scheme of action. 

Examples 

• 25 Bioreactor With One Barrier 

Referring now to Figs. lA and IB, the present invention can be practiced in 
association with an inventive bioreactor 100 as shown in Figs. 1 A and IB. In one 
embodiment, the bioreactor 100 includes a first substrate 140 having a first surface 
140a and an opposite second surface 104b, defining a chamber 101 therebetween for 

30 receiving cells and a liquid niedixun. The bioreactor 100 has a barrier 104 dividing 
the chamber 101 into a jBrst subchanaber 102 and a second subchamber 103, wherein 
the barrier 1 04 has a porosity to allow the first subchamber 1 02 and the second 
subchamber 103 in fluid communication and allow at least one predetermined type 
of cells to penneate between the first subchamber 102 and the second subchamber 

35 103. The porosity of the barrier 104 can also be chosen not to let any cells to 
permeate. 

As formed, the first subchamber 102 is adapted for receiving a first type of 
material such as cells 113 and the second subchamber 103 is adapted for receiving a 

20 
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second type of material such as cells 1 1 4, wherein each of the first type of material • 
and the second type of material contains at least one selected from the group of cells, 
chemicals; and fluids. The cells can be any type of living cells, including, but not 
limited to, bacteria, protozoa, or both, normal cells, tumor cells, or any combination 
5 of them. 

A biocompatible coating layer 116 can be applied to the chamber walls of the 
bioreactor 100, wherein the biocompatible coating layer 1 16 includes a material that 
may inhibit cell adhesion to the biocompatible coating layer, enhance cell adhesion 
to the biocompatible coating layer, or function as a fluorescent marker or indicator of 

10 the state of cells. 

The bioreactor 100 fiirther includes at least one or more inlet ports 105, 106 
and one or more corresponding input transfer channel 1 12, 107. As formed, the 
input transfer channel 1 12 is iii fluid conmiunication with the corresponding inlet 
port 105 and the first subchamber 102, and the input transfer channel 107 is in fluid 

15 communication with the corresponding inlet port 106 and the second subchamber 
103 for allowing delivery of the cells, fluids or chemicals to the corresponding 
subchamber 102 or 103, respectively. For example, a fluid can be introduced from 
an external device (not shown) into the first subchamber 102 through the inlet port 
105 and the corresponding input transfer channel 112. Inlet ports 105, 106 each can 

20 be in fluid communication with an external device or port (not shown). 

The bioreactor 100 additionally includes at least one or more outlet ports 
1 1 1, 109 and one or more corresponding outlet transfer channel 1 10, 108. As 
formed, the outlet transfer channel 1 10 is in fluid communication with the 
corresponding outlet port 111 and the first subchamber 1 02, and the outlet transfer 

25 charmel 1 08 is in fluid conununication with the corresponding outlet port 109 and 
second subchamber. 103 for allowing removal of the cells, fluids or chemicals from 
the corresponding subchamber 102 or 103, respectively. For example, a fluid can be 
introduced away from the first subchamber 1 02 through the outlet transfer channel 
110 and the corresponding outlet port ill. Outlet ports 1 1 1 , 109 each can be in 

30 fluid commimication with an external device or port (not shown). 

The bioreactor 100 fiurther includes at least one or more auxiliary ports 115 
and one or more auxiliary chaniiels 1 15a. As formed, each auxiliary channel 1 15a is 
* in fluid communication with a corresponding auxiliary port 115 and a corresponding 
one of the input transfer channels 1 12, 107 and the outlet transfer channels 1 10, 108 

35 for flushing the corresponding transfer charmel. Auxiliary ports 115 each can be in 
fluid communication with an external device or port (not shown). Auxiliary ports 
115 and auxiliary channels 1 1 5a can be utilized to prevent clogging by cells or 
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cellular debris in the bioreactor 100.. They can also be utilized to selectively apply 
coatings to the channels to which they are in fluid communication. 

The bioreactor 100 additionally includes one or more access ports 117 and 
one or more.access channels 11 7a. As formed, each access channel 1 1 7a is in fluid 
5 communication with a corresponding access port 1 1 7 and a corresponding one of the 
first subchamber 1 02 and the second subchamber 1 03 for allowing delivery or 
removal of the cells, fluids, chemicals, coating material or sensing material to the 
con-esponding subchamber. The access ports 1 17 .and corresponding access 
charmels 1 17a are strategically positioned so as to provide direct access to the first 

10 subchamber 102 and the second subchamber 103. For example, a fluid can be 

introduced into the first subchamber 102 through an access channels 1 17a and the 
corresponding access port 117 fast because the distance between the access port 1 17 
and the first subchamber 102 is the shortest for this embodiment. Each access port 
1 17 can be in fluid communication with an external device or port (not shown). 

15 Moreover, the bioreactor 100 has a second substrate 150, wherein the second 

substrate 1 50 is positioned adjacent to the first surface 140a of the first substrate 140 
and defines a plurality of connection channels 155. Each of the connection channels 
155 is formed so as to be in fluid communication with a corresponding one of the 
inlet ports 105, 106, the outlet ports 1 1 1, 109, the auxiliary ports 1 15, and the access 

20 ports 1 1 7 as set forth above. 

The bioreactor 100 fiuther includes a plurality of coimection ports 151 
con-esponding to the plurality of connection channels 1 55. Each of the connection 
ports 151 is formed with a channel 153 and is strategically positioned to the second 
substrate 1 50 such that each channel 1 53 of the connection ports 1 5 1 is in fluid 

25 communication with a corresponding one of the connection charmels 155 formed in ' 
the second substrate 150 as shown in Fig. IB. 

The first substrate 140 can be fabricated firom glass, Mylar, PDMS, silicon, a 
polymer, a semiconductor, or any combination of them. The barrier 104 is formed 
witti a porous material. The barrier 104 can be microfabricated so as to form a 

30 structure allowing the fluid conmiunicatipn between the first subchamber 102 and 
* the second subchamber 103, which may allow permeation of the barrier 104 by 
certain predetermined types of cells but not by other types of cells. For example, in 
the embodiment shown in Figs. 1 A and IB, the barrier 104 is formed with a plurality 
of posts spaced fi:om each other so as to allow bacteria to cross over but not 

35 protozoa. 

The bioreactor 100 fiirther has a third substrate 160, which is positioned 
adjacent to the first^surface of the first substrate 140, and means strategically 
positioned in the third substrate 160 and adapted for electrochemical measurements 
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of the cells responsive to the liquid medium in one or both of the first subchamber 
102 and the second subchamber 103. The third substrate 160 can be formed with a 
semiconductor material such as silicon. 

In one embodiment as shown in Fig. IB, the means for electrochemical 
S measurements includes a reference. electrode 161, a counter electrode 162, a plurality 
of edge connector pads 1 64, and a plurality of electrically conductive leads 1 63. . A 
first electrically conductive lead 163 electrically couples the reference electrode 161 
to a corresponding edge connector pad 164, and a second electrically conductive lead 
1 63 electrically coUples the counter electrode 1 62 to a corresponding edge coimector 

10 pad 164. The means for electrochemical measurements further includes a plurality 
of individually addressable working electrodes 165. Each of the plurality of 
individually addressable working electrodes 165 is electrically coupled to a 
corresponding edge coimector pad 164 through a corresponding electrically 
conductive lead 163.. The sensing headis of the plurality of individually addressable 

15 working electrodes 1 65 are strategically positioned in a region shovm by outline 166 
in Fig. IB. 

In operation, the liquid medixmi being introduced into one or both of the first 
subchamber 102 and the second subchainber 103 may include one or more analytes, 
and the plurality of individually addressable working electrodes are.adapted for* 

20 sensing the concentration of a single analyte of the liquid medium at multiple 

locations in the chamber 101 oi the concentrations of a plurality of analytes of the 
liquid medium at multiple locations in the chamber 101 at a time period shorter than 
a characteristic reaction time related to at least one of cellular physiological activities 
of the cells. The plurality of individually addressable working electrodes can be 

25 . fiirther adapted to be capable of measuring the metabolic variables related to the 
cells responsive to the liquid medium at multiple locations in the chamber 101 at a 
time period shorter, than a characteristic reaction time related to at least one of 
cellular physiological activities of the cells. The sensing heads of the plurality of 
individually addressable working electrodes 165 are strategically positioned in a 

30 region shown by outline 166 corresponding to that of the chamber 101 to perform 
such tasks. 

The bioreactor 100 further includes a fourth substrate 170, wherein the fourth 
substrate 170 is positioned above the second surface 140b of the first substrate 140, 
and means strategically positioned in the fourth substrate 170 and adapted for optical 
35 measurements of the cells responsive to the liquid medium in at least one of the first 
subchamber 102 and the second subchamber 103. The fourth substrate 170 is at 
least partially transparent. For examples, it can be formed with a semiconductor 
material or a glass or both. 
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In one embodiment as shown in Fig. IB, the means for optical measurements 
includes a plurality of optical sensors 171 , a plixrality of edge connector pads 1 73, 
and a plurality of leads 172, each coupling an optical sensor 171 to a corresponding 
edge connector pad 173. The pliirality of optical sensors 171 may include at least 
5. one device selected fix>ni the group of an LED and photodiode pair, a fiber optic 
coupler, and an optical detecting head. 

In operation, the liquid medium being introduced into one or' both of the first 
subchamber 102 and the second subchamber 103 may include one or more analyfes, 
and the plurality of optical sensors 171 are adapted to be capable of sensing the 

1 0 concentration of a single analyte of the liquid medium at multiple locations in the 
chamber 101 or the concentrations of a plmality of analytes of the liquid medium at 
multiple locations in the chamber 101 at a time period shorter than a characteristic 
reaction time related to at least one of cellular physiological activities of the cells. 
The plurality of optical sensors 171 can be further adapted for measuring the 

15 metabolic variables related to the cells responsive to the liquid mediiun at ihultiple 
locations in the chamber 101 at a time period shorter than the characteristic reaction 
time related to at least one of cellular physiological activities of the cells. The 
sensing heads of the plurality of optical sensors 171 are strategically positioned in a 
region shown by outline 174 corresponding to that of the chamber 101 to perform 

20 such tasks. . 

Bioreactor With Multiple Barriers 

Referring now to Fig. 2, the present invention can also be practiced in 
association with an inventive bioreactor 700 as shown in Fig. 2. In one embodiment, 
25 the bioreactor 700 includes a substrate 730 having a first surface and an opposite 

• second surface, defining a chamb^ 732 therebetween for receiving cells and a liquid 

• medium, wherein the chamber 732 is formed with a center 734 and a boundary 736. 
The bioreactor 700 also has a first barrier 738, which encloses the center 734 and a 
portion of the chamber 732 to form a central chamber 706, and a second barrier 740, 

30 which is positioned between the first barrier 738 and the boundary 736 so as to form 
an intermediate chamber 705 and an outer chamber 704. 

. In one embodiment, the first barrier 738 has a first porosity to allow the 
central chamber 706 and the intermediate chamber 705 in fluid communication and 
allow at least a first predetermined type of cells to permeate between the central 

35 chamber 706 and the intermediate chamber 705, and the second barrier 740 has a 

second porosity to allow the outer chamber 704 and tHe intermediate chamber 705 in 
fluid communication and allow at least a second predetermined type of ceils to 
permeate between the outer, chamber 704 and the intermediate chamber 705. 
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Moreover, the central chamber 706 is adapted for receiving a first type of 
material such as tumor cells 714, the intermediate chamber 705 is adapted for 
receiving a second type of material such as normal tissue cells 7 1 3, and the outer 
chamber 704 is ad^ted for receiving a third type of material such as endothelial 
5 cells 712. Each of the first type of material; the second type of material and the third 
type of material contains at least one selected Srom the group of cells, chemicals, and 
fluids. 

The first predetermined type of cells includes tumor cells 714, which 
normally is received in the central chamber 706 that is formed to simulate a tumor 

10 space. The second predetermined type of cells includes normal tissue cells 713, 
which normally is received in the intermediate chamber 705 that is formed to 
simulate a tissue space. Furthemiore, the outer chamber 704 is foraied to simulate a 
vascular space adapted for receiving endothelial cells, macrophage cells, neutophil 
cells, any combination of them, or other immune cell type. 

15 A biocompatible coatinjg layer 742 can be applied to the chamber walls at the 

boundary 736, wherein the biocompatible coating layer 742 includes a material that 
may inhibit cell adhesion to the biocompatible coating layer, enhance cell adhesion 
to the biocompatible coating layer, or function as a fluorescent marker or indicator of 
the state of cells. 

20 The bioreactor 700 further includes one or more inlet or outlet ports 701 and 

corresponding one or more input or output transfer channels 751 , where each of the 
input or output transfer channel 75 1 is in fluid communication with a corresponding 
inlet or outlet port 701 and the outer chamber 704 for allowing delivery of cells, 
fluids or chemicals to the outer chamber 704. 

25 The bioreactor 700 additionally may include one or more inlet or outlet ports 

702 and corresponding one or more input or output transfer channels 752, where 
each of the input or output transfer channels 752 is in* fluid communication with a 
corresponding inlet or outlet port 702 and the central chamber 706 for allovraig 
delivery of the cells, fluids or chemicals to the centra] chambo* 706. 

30 The bioreactor 700 may further include one or more inlet or outlet ports 703 

and corresponding one or more input or output transfer channels 753, where each of 
the input or output transfer channels 753 is in fluid communication with a 
corresponding inlet or outlet port 703 and the intermediate chamber 705 for allowing 
delivery of the cells, fluids or chemicals to the intermediate chamber 705. 

35 The substrate 730 can be fabricated fix>m glass. Mylar, PDMS, silicon, a 

polymer, a semiconductor, or any combination of them. The first barrier 738 is 
formed with a porous material. The first barrier 738 can be microfabricated so as to 
form a first structure allowing the fluid conununication between the central chamber 
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706 and the intermediate chamber 705. The second barrier 740 is formed with a 
porous material. The second barrier 740 can be microfabricated so as to form a 
second structure allowing the fluid commimication between the outer chamber 704 
and the intemiediate chamber 705." The first barrier 738 and the second barrier 740 
5 can be formed with same or different porous materials. And the second structure can 
be same or different from the first stracture. For example, in the embodiment shown 
in Fig. 2, the first barrier 738 is formed with a plurality of posts spaced from each 
other more condensed than the second barrier 740. The first barrier 738 and the 
second barrier 740 can also be formed into same or different shapes. For example, 

10 in the embodiment shown in Fig. 2, the first barrier 738 and the second barrier 740 
are substantially circulsur. The boundary 736 can take various geometric shapes as 
welL For example, in the embodiment shown in Fig. 2, the boundary 736 is 
substantially circular. 

The bioreactor 700 further includes means strategically positioned and 

15 adapted for electrochemical measmrements of the cells responsive to the liquid 

mediimi in one or more of the outer chamber 704, the intermediate chamber 705 and 
the central chamber 706. 

In one embodiment as shown in Fig. 2, the means for electrochemical ' 
measurements includes a reference electrode 707, a counter electrode 708, and a 

20 plurality of individually addressable working electrodes. 

In operation, the liquid medium being introduced into one or more of the 
outer chamber 704, the intermediate chamber 705 and the central chamber 706 may 
include one or more analytes, and the plurality of individually addressable working 
electrodes include a first group of individually addressable working electrodes 709, a 

25 second group of individually addressable working electrodes 710 and a third group 
of individually addreissable working electrodes 711, respectively. 

For the embodiment shown in Fig. 2, the first group of individually 
addressable working electrodes 709 are adapted to be capable of sensing the 
concentration of a single analyte of the liquid medium at multiple locations in the 

30 outer chamber 704 or the concentrations of a pltirality of analytes of the liquid 

medium at multiple locations in the outer chamber 704 at a time period shorter than 
a characteristic reaction time related to at least one of cellular physiological activities 
of the cells. The first group of individually addressable working electrodes 709 are 
fiirther adapted to be capable of measuring the metabolic variables related to the 

35 cells responsive tq the liquid medium at multiple locations in the outer chamber 704 
at a time period shorter than a characteristic reaction time related to at least one of 
cellular physiological activities of the cells. 
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The second group pf individually addressable working electrodes 710 
adapted to be capable of sensing the concentration of a single analyte of the liquid 
medium at multiple locations in the central chamber 706 or the concentrations of a 
. plurality of analytes of the liquid medium at multiple locations in the central 
5 chamber 706 at a time period shorter than a characteristic reaction time related to at 
least one of cellular physiological activities of the cells. The second group of 
individiially addressable working electrodes 710 are further adapted to be capable of 
measuring the metabolic variables related to the cells responsive to the liquid 
medium at multiple locations in the central chamber 706 at a time period shorter 

1 0 than a characteristic reaction time related to at least one of cellular physiological 
activities of the cells. 

Similarly, the third group of individually addressable working electrodes 71 1 
are adapted to be capable of sensing the concentration of a single analyte of the 
Uqiiid medium at multiple locations in the intermediate chamber 705 or the 

15 concentrations of a plurality of analytes of the liquid mediimi at multiple locations in 
the intermediate chamber 705 at a time period shorter than a characteristic reaction 
time related to at least one of cellular physiological activities of the cells. The third . 
group of individually addressable working electrodes 7 1 1 are further adapted to be • • 
capable of measuring the metabolic variables related to the cells responsive to' the 

20 liquid medium at multiple locations in the intermediate chamber 705 at a time period 
shorter than a characteristic reaction time related to at least one of cellular 
. physiological activities of the cells. 

As such formed, among other things, bioreactor 700 can be utilized to 
nurture, culture, observe, detect and explore cells, collection of cells, biofilm formed 

25 by cells and related cell activities. For examples, as shown, in Fig. 2, bioreactor 700 
allows a spectrum of cell activities to take place, including: a cell 715, which can be 
an immune type of cell such as a macrophage or neutophil, undergoing extravasation 
across the second barrier 740 from the outer chamber. 704 into the intermediate 
chamber 705, a cell 716, which can be a tumor cell metastasizing from the central 

30 chamber 706 through the surrounding tissue into the vascular space, undergoing 

intravasation across the second barrier 740 from the intermediate chamber 705 into 
the outer chamber 704, and a cell 7 1 7, for example, an endothelial cell, undergoing 
tube formation across the second barrier 740 that may eventually lead to 
vascularization of the tumor, respectively. 

35 While there has been shown various embodiments of the present invention, it 

is to be understood that certain changes can be made in the form and arrangement of 
the elements of the apparatus and steps of the methods to practice the present 
invention as would be known to one skilled in the art without departing from the 
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underlying scope of the invention as is particularly set forth in the Claims. 
Furthermore, the embodiments described above are only intended to illustrate the 
principles of the present invention and are not intended to limit the claims to the 
disclosed elements. Indeed, since many embodiments of the invention can be made 
. S without departing from the spirit and scope of the invention, the invention resides in 
the claims hereinafter appended. 
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